The mixed oxide containing minor actinides (MA-MOX) fuel irradiation program is being conducted using the experimental fast reactor Joyo of the Japan Atomic Energy Agency to research early thermal behavior of MA-MOX fuel. Two irradiation experiments were conducted in the Joyo MK-III 3rd operational cycle. Six prepared fuel pins included MOX fuel containing 3% or 5% americium (Am-MOX), MOX fuel containing 2% americium and 2% neptunium (Np/Am-MOX), and reference MOX fuel. The first test was conducted with high linear heat rates of approximately 430 W/cm maintained during only 10 minutes in order to confirm whether or not fuel melting occurred. After 10 minutes irradiation in May 2006, the test subassembly was transferred to the hot cell facility and an Am-MOX pin and a Np/Am-MOX pin were replaced with dummy pins including neutron dosimeters. The test subassembly loaded with the remaining four fuel pins was re-irradiated in Joyo for 24-hours in August 2006 at nearly the same linear power to obtain re-distribution data on MA-MOX fuel. Linear heat rates for each pin were calculated using MCNP accounting for both prompt and delayed heating components, and then adjusted using E/C for 10 B (n, α) reaction rates measured in the MK-III core neutron field characterization test. Post irradiation examination of these pins to confirm the fuel melting and the local concentration under irradiation of NpO 2-x or AmO 2-x in the (U,Pu)O 2-x fuel are underway. The test results are expected to reduce uncertainties on the design margin in the thermal design for MA-MOX fuel.
Introduction
The minor actinides (MAs) are generated in uranium oxide (UO 2 ) or mixed plutonium (Pu) and uranium (U) oxide (MOX) fuel during irradiation in a reactor. When reprocessing the spent fuel, these elements are transferred into high-level radioactive waste. Neptunium (Np) and americium (Am) are key MA nuclides because these elements have a large generation yield and long half-life and/or high radiological toxicity, and have an impact on the environment through the geological disposal of the high-level waste.
In order to reduce this environmental burden, research projects have been undertaken in several countries, such as the projects ''SPIN'' (Separation Incineration) (1) and ''SUPERFACT'' (2) that have been promoted in France. Also in Japan the R&D program ''OMEGA'' (Options making extra gains from actinides and fission products) has been jointly promoted since 1988 by the collaborative efforts of the former Japan Atomic Energy Research Institute (JAERI), Central Research Institute of Electric Power Industry (CRIEPI) and the former Japan Nuclear Cycle Development Institute (JNC) (3) . The goal of these research projects is to establish a technique to separate MA elements from the high-level waste and then to transmute them to short-lived nuclides in order to reduce the environmental impact.
One of the most promising techniques for this transmutation is to add MA elements into MOX fuel, which can then be irradiated in a fast reactor. Recently, as part of the feasibility study on commercialized FBR cycle systems, recycling of Pu and MAs is being investigated as one of the promising future FBR cycle concepts from the view points of efficient utilization of resources, reduction of environmental burden, and enhancement of nuclear non-proliferation.
It is, however, difficult to handle fuel with high Am content in a glove box because it has strong γ-ray radioactivity. Thus, the commercialized MA recycling system will need to develop remote fuel fabrication technology in a hot cell for fuel containing MAs to protect workers from γ-ray dose exposure.
This paper describes the MA-MOX test design, fuel fabrication and assembly of the test subassembly in a hot cell, and the irradiation test in Joyo with preliminary results of post irradiation examination.
Plant Description of Joyo MK-III
Joyo is a sodium-cooled fast reactor with MOX fuel. The main reactor parameters of the MK-II and MK-III irradiation core are shown in Table 1 (4) (5) . Fig. 1 shows the core configuration of the MK-III 3rd operational cycle where the MA-MOX irradiation test was conducted. The fuel region is divided into two radial enrichment zones in the MK-III core to flatten the neutron flux distribution. This expands the fraction of the core volume where irradiation tests can be done in a high neutron flux. follower section below it. The reactor power level is controlled by manual operation of these control rods.
Core

Cooling System
Joyo has two primary sodium loops, two secondary loops and an auxiliary cooling system as shown in Fig. 2 . In the MK-III core, the sodium enters the core at 350 o C at a flow rate of 1,350 tons/h/loop and exits the reactor vessel at 500 o C. The maximum outlet temperature of a fuel subassembly is about 570 o C.
An intermediate heat exchanger (IHX) separates radioactive sodium in the primary system from non-radioactive sodium in the secondary system. The secondary sodium loops transport the reactor heat from the IHXs to the air-cooled dump heat exchangers (DHXs). When MAs are repeatedly recycled in the FBR cycle, the generation and consumption of MA will balance and come to equilibrium at approximately 1 to 2 % of the MA content. However, it is assumed that the complete transition of the nuclear power generation system from LWR to FBR will take nearly 100 years after the commercialization of FBR is achieved. During this time period, based on the FBR cycle commercialization strategy of Japan, a scenario is proposed in which MA produced from the coexisting LWRs are burnt in a positive manner in FBRs with the possible MA content in the FBR fuel specified as a maximum of 5%.
Am-1 Test Program
Japan's first irradiation test program of MA-MOX fuel, named "Am-1", was planned as an irradiation test in Joyo of two fuel pin types. One is MOX fuel containing 3% or 5% Am, and the other is MOX fuel containing 2% Np and 2% Am. These pins were fabricated by applying the domestic technology developed in JAEA. The main specifications for fuel pins in Am-1 are shown in Fig. 3 .
The Am-1 program consists of a short-term irradiation test and a steady-state irradiation test. The objectives of the short-term irradiation test are to confirm whether or not fuel melting occurred at a high linear heat rate and to evaluate the re-distribution behavior during the initial burn-up. 
Design of Irradiation Test Subassembly
(1) Capsule type irradiation test subassembly Six test fuel pins were prepared for both the short-term and steady-state irradiation tests. These pins were contained in a capsule type irradiation test subassembly as shown in Fig. 4 , where one fuel pin is installed in each stainless steel capsule. The capsule type irradiation test subassembly has been newly licensed for irradiation tests of various forms of fuel including oxides, carbides, nitrides, metals, and fuel containing MAs and fission products (FPs), for which irradiation behavior is not well understood. Furthermore, the capsule type irradiation test subassembly is licensed for high burn-up irradiation up to 200 GWd/t and partial fuel melting in the case of oxide fuel, of which the melt fraction under normal operation is less than 20%. The capsules have sufficient strength to withstand the pressure due to potential sodium-fuel interaction when fuel melting occurs or due to fission gas release from a high burn-up fuel pin failure.
The first capsule type irradiation test subassembly is used for Am-1, and it is designated as B11. Only limited properties data of MA-MOX are currently available. In addition thermal behavior of the MA-MOX fuel is not completely understood. Therefore sufficient design margins are taken into account for the MA-MOX fuel properties of melting temperature and thermal conductivity in the thermal design for B11 irradiation test fuel.
The melting temperature of the MA-MOX fuel was estimated based on the ideal solution model of oxide composite. The conservative design was needed to ensure to prevent the fuel melt fraction from exceeding the safety limitation of 20% in the license of capsule irradiation test subassembly. Therefore, parameters used in the evaluation, such as the melting temperature and the fusion enthalpy concerning each oxide of Am, Np, Pu and U, were adjusted to give a lower melting temperature of mixed oxide than the experimental The lower limit curve (-3σ) of the standard MOX fuel data was applied as the fundamental thermal conductivity estimation formula. The effect of adding MA was incorporated into the formula as an increase of the thermal resistance based on the effect of adding AmO 2-x to UO 2 from the thermal diffusivity data of (Am 0.5 , U 0.5 )O 2-x evaluated by Schmidt (8) .
The fuel melting temperature and thermal conductivity formula used in the B11 design give sufficiently low values compared with the measured data, and therefore the linear heat rate when MA-MOX fuel is assumed to melt becomes lower than that of the standard MOX fuel.
The thermal behavior during the initial burn-up, including the re-distribution of MA, depends on the linear heat rate of the fuel pins. Therefore the high linear heat rate was requested to apply the test data to future FBR fuel design.
As a result, the maximum linear heat rate for the B11 short-term irradiation test was determined to be approximately 430 W/cm, which corresponds to the safety limitation of maximum fuel melt fraction of 20%. This high linear heat rate exceeds the 420 W/cm maximum value of the Joyo driver fuel.
(3) B11 short-term irradiation test specification On this basis, the B11 short-term irradiation test was divided into two parts namely B11(1) and B11(2). The B11(1) subassembly containing six test fuel pins, of which three were Am-MOX pins and three were Np/Am-MOX pins, was irradiated at approximately 430 W/cm for 10 minutes. Following the irradiation, one Am-MOX pin and one Np/Am-MOX pin were observed in the post irradiation examination (PIE) facility to check whether or not fuel melting had occurred.
The remaining four test fuel pins were re-irradiated as the B11(2) subassembly for 24 hours to investigate the MA re-distribution behavior.
4．MA-MOX Fabrication and B11 Assembling
Among the test fuel pins, the Am-MOX fuel pins having a high dose rate were fabricated at the Alpha Gamma Facility (AGF) at Oarai Research and Development Center. The Np/Am-MOX fuel pins were fabricated in a glove box unit of the Pu Fuel Development Facility (PFDF) at Tokai Research and Development Center of the JAEA.
Fabrication of MA-MOX fuel pins
AGF was originally established as the PIE facility of the irradiated fuels, and it was later equipped with a small-scale fuel fabrication unit in the hot cell for the purpose of developing a remote fuel fabrication technology for MA-MOX fuel. Tests at this remote fuel fabrication unit in the hot cell were initiated in 1999 using UO 2 . After a series of tests to confirm the fabrication condition of the MOX fuel pellet and Am-MOX fuel pellet, the fuel pin fabrication for the Am-1 test program was started.
The fabrication for the short-term test of three Am-MOX fuel pins was completed in September, 2005 and that of three Np/Am-MOX fuel pins was completed in August, 2005. The remote fabrication technology developed at AGF is expected to be applied to the fabrication of these types of fuel. Fig. 5 shows pictures of the appearance of the fabricated MA-MOX fuel pellets. In addition, Fig. 6 shows the distribution of fabrication data in the range of design specification for dimension and density, of both the Am-MOX and Np/Am-MOX fuel pellets. And Table. 2 shows the actinides composition and the O/M ratio as fabrication data achieved, which are main irradiation test parameters. These MA-MOX fuel pellets satisfied both of design specification and required test parameters. 5%Am-MOX pellets 2%Np-2%Am-MOX pellets Fig. 5 Exterior appearance of fuel pellets 5%Am-MOX and 3%Am-MOX Np/Am-MOX and Reference MOX Fig. 6 Distributions of diameter and density of fuel pellets 
Remote B11 Assembling
The fabricated six fuel pins were loaded into the B11(1) subassembly by remote manipulation inside the hot cell of the Fuel Monitoring Facility (FMF) at Oarai Research and Development Center.
FMF is located adjacent to Joyo and is capable of disassembling irradiated subassemblies and conducting PIE, and can also be used to re-install irradiated fuel pins and materials into a new subassembly after the interim examination of irradiated components. As FMF is connected with Joyo by an underground passage, the irradiation test subassemblies can be transferred between Joyo and the FMF by cask car.
The B11(1) assembling work at FMF was completed in early May of 2006, and the B11(1) subassembly was transferred to Joyo and loaded into the core. After the 10 minute irradiation test, which is described in the next section, the irradiated B11(1) subassembly was transferred to FMF. Two fuel pins were taken out of the B11 (1) and two dummy pins were loaded into the two empty spaces as the B11 (2) subassembly. The reassembled B11(2) subassembly was reloaded into Joyo core via cask car and irradiated for 24 hours.
Irradiation Test in Joyo
Reactor Operation Procedure
Irradiation of B11(1) and B11(2) subassemblies was conducted in the Cycle 3 core configuration as shown in Fig. 1 . In both tests, the linear heat rate of the test fuel pins was controlled by the reactor power. The maximum reactor power level in both tests was determined to be 120 MWt, corresponding to a linear heat rate of approximately 430 W/cm. Several issues were investigated in order to optimize the reactor power pattern.
One issue was selecting a rapid power rising rate to minimize the fuel restructuring due to fuel burn-up and while also minimizing the potential for overshooting the target linear heat rate. Based on the fuel behavior analysis, a reactor power rising rate of 12 MWt/h from 60 MWt to 120 MWt was determined.
Another issue was how to calibrate the nuclear instrumentation system (NIS) to minimize differences between the nuclear and thermal reactor power. This calibration is also important because the plant safety protection for the tests was set for a NIS signal of 105% of the maximum power. Therefore the reactor power would not reach the maximum planned level if the NIS exceeded 105%.
Reactor power was kept constant at both 35MWt and 60MWt to obtain a steady state condition of the heat transport systems. During these holding periods the NIS detectors were calibrated with the reactor thermal power.
Operator training using the Joyo plant simulator was conducted to confirm the test procedure, power rise pattern, and plant monitoring. In addition, the prescribed power rise pattern and holding at 120MWt were practiced prior to the B11(1) test at the Cycle 3-1 start up and useful plant data were obtained.
Operation Results
The B11(1) test was successfully conducted during Cycle 3-1' in May 2006. The reactor power history shown in Fig. 7 is almost the same as planned. The reactor power was raised continuously at a rate of 12 MWt/h, held at 120 MWt about 10 minutes as planned. At 35 MWt and 60 MWt the NIS was precisely calibrated to the reactor thermal power. After holding at the maximum power level for 10 minutes, a rapid reactor shutdown by manual scram was performed to preserve the irradiated pellet structure and to prevent additional fuel restructuring due to the fuel burn-up. The integrated power history provided a total of 0.358 EFPD (Effective Full Power Day) at the rated reactor power level of 120 MW for this test. This power history was similar to the previous power-to-melt tests of MOX fuel pins using the Joyo MK-II core conducted in June, 1992 (9) .
The B11(2) test was conducted during Cycle 3-2' in August 2006 for 24 hours. The reactor power history of B11(2) test is also shown in Fig. 7 and the power rising rate was the same as the B11(1) test to maintain a consistent power history between the two tests. The integrated power history for the B11(2) test provided a total of 1.426 EFPD at 120 MW.
Reactor power was held at 118±2MWt during the B11(2) test and the control rods were moved frequently for 24 hours at the maximum reactor power, compensating for the power variation associated with the reactivity due to coolant temperature changes and fuel burn-up. Reactor inlet temperature changes of 1 deg-C corresponded to reactor power changes of 4 MWt, while movement of the control rods by 0.2 mm changed the reactor power by 1 MWt. Fig. 7 Power history of B11 (1) and B11(2)
Linear Heat Rate Evaluation
The linear heat rate for each test fuel pin was calculated using MCNP (10) in which the fuel burn-up contents for an input to MCNP were obtained by the Joyo MK-III core management code system HESTIA (11) . The components of the calculated total heating rate included approximately 90% prompt neutron, 5% prompt gamma, 3% delayed beta, and 2% delayed gamma heating contributions.
The MCNP values were normalized to a total reactor power of 119.6 MWt. The major sources of uncertainty on the test pin linear heat rates include the MCNP calculated fission rates and the distribution of neutron and gamma heating from the test pin segments and adjacent fuel subassemblies. The most accurate method for determining the linear heat rates in a fuel sample is to directly measure the fission rates in the same location using fission foils of all of the contributing fissioning nuclides. The measured burn-up in the fuel sample itself provides a direct measure of the total number of fissions.
Extensive dosimetry measurements for core characterization were made during the first two duty cycles of the Joyo MK-III core, including the central pin compartment of a non-fuel test subassembly located in the core center position and in special dummy fuel pins in adjacent fuel subassemblies. Because it is a broad range monitor with no corrections for reaction product losses from decay or burn-up, the Helium Accumulation Fluence Monitor (HAFM) measured results from the central non fuel test subassembly were judged to be the most appropriate available measured reaction rates to compare to the calculations in order to determine any bias in the calculated fission rates.
The MCNP calculated heating rates were adjusted by applying a bias factor of 1.04 from the HAFM dosimetry E/C. This adjustment will be reevaluated when the direct fission measurements in the B11 test pins are available. The calculated uncertainty was then determined by combining the MCNP statistical uncertainty with the bias uncertainty, for a combined uncertainty of about 3.1%, or 13 W/cm. 
Post Irradiation Examination
PIE of these irradiated test fuel pins to confirm the fuel melting and the local concentration under irradiation of NpO 2-x or AmO 2-x in the (U,Pu)O 2-x fuel are underway in FMF and AGF (12) . Fig. 8 shows a polished cross section of a B11(1) MA-MOX 5%Am fuel pellet as a preliminary PIE result. The metallography results show that structural changes such as the central void caused by movement of lens-shaped voids occur early in irradiation, within the brief 10 minute irradiation. The sign of fuel melting is not observed in this metallography. At present, PIE shows that the thermal design for B11 test fuel had sufficient margin.
Concluding Remarks
The short-term irradiation test of Am-1 was successfully conducted and satisfied all of the required conditions. The highest linear heat rate (approximately 430W/cm) was achieved for MA-MOX fuel pellet.
Remote fabrication technology of fuel pin and re-assembling technology was established. PIE is in progress to obtain data of irradiated MA-MOX fuel pins. The fuel behavior at the high linear heat rate obtained from this test will be useful to verify thermal modeling and its applicability in fuel pin thermal performance analysis codes in the future.
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Follow-on steady-state irradiation tests are planned. The basic irradiation behavior of MA-MOX fuel and MA burning characterization in a fast reactor will be demonstrated through this irradiation test series in Joyo.
